؉ or 25-9-17 ؊ conformation. Alloreactive T cells were also able to discriminate peptide-dependent variants of MHC class II molecules. Thus, peptides impose subtle structural transitions upon MHC class II molecules that affect T cell recognition and may thus be critical for T cell selection and autiommunity.
It has been appreciated that major histocompatibility complex (MHC) class II molecules undergo conformational changes during their transport to the cell surface. These changes were detected as changes in mAb epitopes (1, 2, 3) or the ability to acquire stability in SDS (4) . Another important factor in the structural transitions of MHC class II molecules appears to be the hydrogen ion concentration. A weakly acidic environment causes a loss of SDS stability and enhances the binding of 1-anilino-naphthalene-8-sulfonic acid, which is a marker for exposed hydrophobic sites (5, 6) . Acidic pH enhances peptide binding (7) (8) (9) and is optimal for class II-associated invariant chain peptides (CLIP)͞peptide exchange catalyzed by HLA-DM molecules (10, 11) , suggesting that protonation of certain residues in the MHC class II molecule may cause transient conformational shifts that allow optimal peptide binding and͞or exchange.
Whether the mature MHC class II molecules expressed on the surface of antigen-presenting cells exist in different conformations relevant to T cell recognition remains unclear. It is well appreciated that peptides are able to change the conformation of MHC class I molecules. These changes were detected as gain͞loss of binding by anti-class I antibodies (12) (13) (14) (15) and by analysis of MHC class I molecules crystallized with single peptides (16, 17) . We sought to determine whether peptide-dependent changes occur in MHC class II that could be detected by mAbs. While analyzing anti-MHC class II mAb staining of cells expressing MHC class II complexes with single peptides, we found that mAb 25-9-17, which reacts with I-A b , fails to bind a complex between I-A b and E␣ peptide. This observation prompted us to seek explanations for this phenomenon. Indeed, we found that MHC class II molecules available for T cell recognition have subtle conformational differences dependent on the particular peptide they bind and that these alterations can also be detected by T cells.
MATERIALS AND METHODS

Mice. C57BL6͞J (B6), B10.A-H2 i5
H2-Tla a (5R)͞SgSnEg (5R), and B6.C-H2 bm12 ͞KhEg (bm12) were obtained from The Jackson Laboratory. Invariant chain (Ii) knock-out animals were a gift from R.Flavell and I. Shachar (Yale University). Transgenic mice expressing covalently bound E␣ peptide (A b -pE␣)were a gift from P. Marrack (National Jewish Center, Denver, CO). H2-M-deficient mice were provided by Luc Van Kaer (Vanderbilt University, Nashville, TN).
Cells and Tissue Culture. All cell cultures were performed in complete medium [Click's EHAA medium (Irvine Scientific) with 5% fetal calf serum (Intergen, Purchase, NY), 5 ϫ 10 Ϫ5 M 2-mercaptoethanol (Bio-Rad), 2 mM L-glutamine, 50 g͞ml gentamicin (GIBCO͞BRL)].
The bm12-anti-Ii KO T cell lines were produced by stimulation in vitro of purified CD4 T cells with 2,000-R irradiated Ii KO splenocytes (1 R ϭ 0.258 mC͞kg) as described (18) . Cell lines were sustained by restimulation with Ii KO splenocytes every 10-14 days. To purify CD4 ϩ T cells bm12 lymph node cells were treated with a mixture of anti-MHC class II and anti-CD8 mAbs followed by a mixture of magnetic beads conjugated to anti-mouse IgG, anti-mouse IgM, and anti-rat IgG (PerSeptive Biosystems, Cambridge, MA). T cell hybridomas were produced by fusion of T cell lines (day 5-7 after activation) with T cell lymphoma BW5147 using polyethylene glycol (M r ϭ1500; Boehringer Mannheim) (19) . D10 T cell clone (20) and bm12-anti Ii KO T cell line proliferation stimulated with allo-MHC was tested in duplicate or triplicate cultures in a total volume of 200 l in flat-bottom 96-well plates (Becton-Dickinson). Responder cells were used at 2 ϫ 10 4 cells per well and 10 5 irradiated (2,000 rads; 1 rad ϭ 0.01 Gy) spleen cells or 1-3 ϫ 10 3 L cells treated (100 g͞ml for 1 hr at 37°C) with mitomycin C (Sigma) were used as stimulators. Proliferation was assessed by [ corporation after 48 hr of incubation at 37°C. Proliferation of the bm12-anti Ii KO T cell line against transfected L cells was estimated in the presence of interleukin 2 (IL-2, 5 units͞ml) and the background proliferation in the presence of untransfected L cells and IL-2 was subtracted from the [ 3 H]thymidine incorporation. IL-2 production by A b -pE␣-specific hybridoma 1H3.1 (21) and others has been tested by proliferation of the IL-2-dependent CTLL cell line measured either by [ 3 H]thymidine incorporation or by colorimetric assay using Alamar blue (AccuMed, Westlake, OH) according to manufacturer's instructions. H-2M knock-out splenocytes were preincubated with peptides for 2-3 hr before addition of blocking antibodies.
mAbs. Hybridomas producing anti-MHC class II mAb 25-9-17 (22) and M͞5114 (23) , as well as anti-CD8 (53-6.72) (24) , were purchased from the American Type Culture Collection; Y3JP (25) , YAe (26) and CerCLIP.1 (27) were produced at Yale University. Antibodies were used as supernatants or as purified proteins. Antibody purification was performed by protein-G affinity chromatography by the Immunobiology Hybridoma Facility.
Flow Cytometry (FACS) Analysis. Cells for FACS analysis were stained in microtiter U-bottom plates in 50 l of supernatants for 30 min on ice, followed by secondary staining with goat anti-mouse Ig-fluorescein isothiocyanate-conjugate(Fcspecific; Sigma) for 30 min on ice in PBS containing 2%fetal calf serum and 0.1%NaN 3 . Splenic B cells were counterstained with anti-B220 mAb conjugated to phycoerythrin (PharMingen). Cells were analyzed on FACScan flow cytometer (Becton-Dickinson) using CELLQUEST software.
DNA Constructs and Transfection. Construct encoding A b ␤ with covalently bound peptide E␣ [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] (A b -pE␣) was a gift from P. Marrack. The A b -murine CLIP (mCLIP) construct was made as follows: poly-Gly linker region was shortened by 3 amino acids by introduction of a new BamHI site, cutting with BamHI, and religation. Oligonucleotide containing CLIP 83-103 sequence, a part of the linker and in-frame NheI and BamHI sites was used for cloning into the A b -pE␣ construct from which the NheI-BamHI fragment was removed. L cells were stably transfected with MHC class II ␣ and ␤ chain cDNA and a neo-encoding cDNA by the calcium phosphate precipitation method (28) . Transient transfections were performed with the DEAE-dextran method exactly as described (29) . A b -pE␣-expressing L cells were supertransfected with a p31 Ii cDNA (a gift from Jim Miller, University of Chicago) along with a plasmid containing the thymidine kinase gene. Negative selection of nontransfected cells was performed by cultivation in G418 and hypoxanthine͞aminopterin͞thymidine (HAT) medium (both from GIBCO͞BRL).
Western Blotting and Immunoprecipitations. For Western blotting, splenocytes were lysed as described above and lysates were precleared with anti-mouse Ig-agarose (Sigma) to remove endogenous Igs. Unboiled proteins were separated by SDS͞PAGE on 8% gels and transferred onto nitrocellulose membrane. MHC class II was stained with mAbs YAe (26), Y3JP (25) , and 25-91-7(23), followed by horseradish peroxidase-coupled anti-mouse Ig antibodies (Bio-Rad) and ECL Western blotting detection reagent (Amersham) followed by exposure to x-ray film.
The SDS-stability assay was performed as described (10) . In brief, mixtures of 2-4 ϫ 10 4 cpm of affinity-purified A Table 1 were synthesized on a Synergy 432 automated peptide synthesizer (Applied Biosystems) using fluorenylmethoxycarbonyl chemistry. The purity of peptides used was greater than 90%. -mCLIP molecules, suggesting that the epitope recognized by this antibody may be sensitive to conformational changes imposed by one set of peptides but not by other sets (Fig.  1 A) . Similar results were obtained with splenic B cells from I-A b -pE␣ transgenic animals (Fig. 1B) . The analysis of B cells (electronically gated after double-staining with anti-class II and anti-B220) has shown that the entire B cell population was either 25-9-17-positive (in B6, Ii KO, and H2M KO) or 25-9-17-negative (in A b -pE␣ transgenic mice). The data suggest that 25-9-17 ϩ and 25-9-17 Ϫ complexes must be expressed by the same cell.
RESULTS
The lack of reactivity of 25-9-17 with A b -pE␣ is could be due to the interference by the poly-Gly linker. To disprove the latter possibility, we made another transfectant, A b -pE␣L, that has the same linker as A b -mCLIP; this transfectant showed the same lack of staining as the original A b -pE␣ (Fig. 1 A) . Thus, the MHC conformation that doesn't bind mAb 25-9-17 is determined by peptide binding rather than by the covalent linkage or by linker interference with mAb binding.
Furthermore, to test whether the observed phenomenon could be reproduced with noncovalent MHC-peptide complexes, we performed the following experiments. I-A b molecules from the HLA-DM-deficient mutant T2 cell line have been shown to contain fragments of hCLIP that do not allow MHC class II to form SDS-stable compact dimers (1, 32) . Metabolically labeled A b -hCLIP complexes from the T2 cell line transfected with A␣ b A␤ b were affinity-purified. In the presence of purified DM molecules, hCLIP is exchanged for another peptide (10, 11) , and compact dimer formation can be detected by examining these molecules with SDS͞PAGE. A b -hCLIP complexes were loaded with pE␣ 52-68 or control peptide (HEL46-61 fragment that does not efficiently bind A b ) and precipitated with mAb Y3JP or 25-9-17. It is evident (Fig. 2) that the SDS-stable dimers could be precipitated with Y3JP but not with 25-9-17. By contrast, compact dimers could be found in the unbound material phase of the immunoprecipitation reaction with 25-9-17 mAb, although they were largely depleted by mAb Y3JP. This finding demonstrates that (Fig. 3) . None of these mAb (Y3JP, 25-9-17, or YAe) interacted with free MHC class II chains (data not shown). Y3JP mAb interacted with SDS-stable dimers from all these sources, staining a relatively wide band. In H-2M-negative spleen, the floppy CLIP-bound A b runs at the very top of the broad band stained by Y3JP in B6 I-A b (Fig. 3) . mAb YAe exclusively stained the C dimer in E␣-positive strain B10.A(5R). YAe ϩ band corresponds to the lower part of the wide Y3JP ϩ SDS-stable band. mAb 25-9-17 also stained some C dimers from A b -positive spleens. Interaction of this mAb with SDS-stable dimers from H2-M-knock-out splenocytes was extremely weak and could only be detected upon longer exposure (data not shown). Staining of B6 and H-2M-knock-out spleens with serial dilutions of 25-9-17 suggested that the antibody has lower affinity for A b in H-2M knock-outs than in WT animals (data not shown). Under the conditions of Western blotting (saturating amount of mAb), mAb 25-9-17 has the highest affinity to compact dimers positioned in the middle of the wide band stained with Y3JP.
Thus, SDS-stable dimers are heterogeneous and their relative mobility ranges from the most ''tight'' (corresponding to A b -pE␣ complex detected by YAe) to the floppiest form detected by Y3JP in H2-M-knock-out class II. These differences in mobility of the SDS-stable complexes are too significant to be explained by variation in the length of bound peptides and are not related to differential glycosylation (data not shown). Rather, they reflect the slight differences in folding (conformational variants) of the MHC-peptide complexes that depend on the structure of the bound peptides. mAb 25-9-17 fails to interact with some of these complexes, and this failure is not restricted to a single A ϩ conformation and D10 stimulation. D10 also responded well to splenocytes isolated from Ii-negative (knock-out) animals (Fig. 4C) , and this reaction could be also blocked with mAb 25-9-17 (Table 1) diverse peptides is also sensitive to the conformational state of these complexes.
To confirm that the recognition of peptide-dependent conformation was not unique to D10 T cell line, we stimulated purified CD4 cells from bm12 mice in vitro with irradiated splenocytes from Ii KO B6 mice. After two additional restimulations, one of such polyclonal lines was probed for reactivity to Ii KO splenocytes and A b -mCLIP-expressing L cells. Reactivity to A b -mCLIP was readily detectable (Fig. 5A) . We then fused this cell line with BW5147 T lymphoma to make T cell hybrids to enable analysis at the clonal level. Of 20 hybrids analyzed (with reactivity to Ii KO splenocytes), 8 were reactive to A b -mCLIP-expressing L cells. The pattern of reactivity of such hybrids was remarkably similar to D10's (shown for clone 3 and 18 in Fig. 5B ), and reactivity of these clones to both A b -mCLIP-transfected L cells and Ii KO splenocytes could be blocked by mAb 25-9-17 (Fig. 5C) . Apparently, the generation of alloreactive T cells with a D10-like recognition pattern is easily achievable.
DISCUSSION
Peptide binding is critical for delivery to the cell surface and survival of both MHC class I and II molecules. MHC class I molecules were found to acquire different conformations when different peptides were bound. Those changes were reflected by changes in the binding of anti-class I mAb (12) (13) (14) (15) . Crystallization of MHC class I with different peptides enabled the detailed analysis of such changes (16, 17) . In the present study, we took advantage of the technique allowing MHC class II molecules to be expressed with a single covalently bound peptide and searched for mAb whose interaction with MHC class II would depend upon the nature of the bound peptide.
Conformational transition of MHC class II molecules, which occurs during biosynthesis and trafficking to the cell surface, depends on binding of CLIP and its subsequent DM-catalyzed pH-dependent exchange for another peptide in an endosomal compartment. Acquisition of SDS stability of MHC class II heterodimers is a hallmark of such transition. SDS-stable peptide-bound dimers appeared to be quite heterogeneous as determined by Western blotting with the mAb Y3JP. mAb YAe, which reacts with a known set of MHC-peptide complexes (34) , recognized the most ''tight'' of such dimers, indicating that the nature of a bound peptide may determine the subtle differences in the folding of the MHC class IIpeptide complexes. mAb 25-9-17 was shown to interact with compact dimers isolated from I-A bϩ cells but failed to interact with ''tight'' A b -pE␣ complexes recognized by YAe. Blocking of T cell recognition with mAbs revealed that 25-9-17 ϩ and 25-9-17 Ϫ class II molecules present distinct and diverse sets of peptides.
Because the MHC class II conformations affect T cell reactivity, it is extremely important to understand the molecular basis for these subtle structural transitions. The epitope for 25-9-17 has been previously characterized as being dependent on amino acids ␤65-67 (Pro-Glu-Ile) and ␤70 (Arg). Pro is known to break ␣-helices, and the Pro-Glu-Ile sequence is localized to a ''kink '' in the ␣-helix of the ␤ chain, which may be prone to increased mobility. This kink region has been shown to (i) demonstrate the biggest folding differences for CLIP-and peptide-bound MHC molecules (35, 36) ; (ii) be critical for a T cell clone (D10) recognition of I-A b (37) , and (iii) be involved in susceptibility to the autoimmune disorder rheumatoid arthritis (36, 38) . In the latter case, a residue at position 71 of the HLA-DR␤ chain determined the binding of peptides dependent on residues at positions p4 and p6 of the peptide (36, 39, 40) . Such binding will most certainly change the conformation of the whole MHC class II molecule, and the kink region in particular. Though the number of the MHCpeptide complexes shown to be recognized by 25-9-17 is limited, it seems that peptides with Pro in position p4 and͞or p6 (p1 being represented by Trp, Phe, Tyr, or Met) would promote the 25-9-17 ϩ conformation (see Table 1 ). The length of peptides is obviously not a factor in determining recognition by 25-9-17 because this mAb reacts with CLIP-bound (19 and 21 amino acids in H2-M knock-out and mCLIP, respectively) and ␤ 2 -microglobulin peptide-bound (11 amino acids) I-A b molecules.
The described peptide-dependent conformational transitions of the MHC class II molecules proved to be important for T cell activation. The D10 T cell clone was alloreactive to I-A b expressed by B6 splenocytes, by Ii knock-out splenocytes, and by L cells as a covalent complex with the Ii fragment CLIP. The same T cells failed to recognize A b -pE␣ complex. Similar recognition pattern was found in T cell hybridomas generated from A b -alloreactive T cells derived from bm12 CD4 ) may mediate positive selection of CD4 T cells. Although negative selection of high-affinity T cells by 25-9-17-negative ''tight'' C dimers was extremely efficient in A b -pE␣-transgenic animals (no reactivity to A b -pE␣ was found in the periphery) the peripheral T cells from these mice were autoreactive to A b . The A b -specific reactivity of hybridomas derived from these mice can be blocked by mAb 25-9-17 (data not shown). Thus, T cells with low affinity to positively selecting 25-9-17-negative dimers may potentially be activated in the periphery by autologous peptide-MHC complexes. On the other hand, if the ability to form compact dimers is affected [as in the case of I-A g7 class II molecule in autoimmune prone non-obese diabetic mice (45) ], negative selection of T cells recognizing such dimers is diminished leading to autoimmunity. Thus, it is possible that the balance between ''loose'' and ''tight'' conformations expressed during thymic selection determines the presence of self-reactive cells in the periphery. An important example of expression of the ''conformationally biased'' class II molecules has been published by Dessen et al. (36) . This study showed that as a result of a salt bridge formation between Lys-␤71 and Asp in position p4 of the bound peptide, the DR4-peptide complex acquired a conformation that was distinct from DR1-HA and especially from DR3-CLIP complexes. Superposition of the three complexes revealed the most significant differences between DR4-collagen peptide (more ''tight'') and DR3-CLIP (more ''loose'') to be localized to the ''kink'' part of the ␤ chain ␣-helix. These data are in line with our hypothesis that the peptide-dependent conformation of the MHC class II molecules affects T cell selection and may lead to autoimmunity when the peptide repertoire is restricted. Restriction of the peptide repertoire or alterations in MHC molecules leading to prevalence of one conformational state expressed during thymic selection may lead to autoimmune recognition in the periphery.
Because MHC-CLIP complexes were found to be in 25-9-17 ϩ conformation, it is important to establish whether such complexes have higher affinity to H2-M molecules than the 25-9-17-negative MHC-peptide complexes. If so, the mechanism of H2-M-mediated transition would become clear. This and the role of MHC class II conformants in positive selection are the matters of current investigation.
